To investigate stable isotopic variability of precipitation in Singapore, we continuously analysed the δ-value of individual rain events from November 2014 to August 2017 using an online system composed of a diffusion sampler coupled to Cavity Ring-Down 
| INTRODUCTION
For years, the temperature effect has been used to interpret precipitation isotopes at mid to high latitudes, and the amount effect has been used to interpret precipitation isotopes in tropical regions (Aggarwal et al., 2012; Bowen, 2008) . Precipitation isotopes in tropical regions, however, have very weak correlation to temperature, and the amount effect is only observed in monthly and yearly precipitation and not in daily or event precipitation (Belgaman, Ichiyanagi, Tanoue, & Suwarman, 2016; Kurita, Ichiyanagi, Matsumoto, Yamanaka, & Ohata, 2009; Marryanna et al., 2017; Permana, Thompson, & Setyadi, 2016) .
In addition, these famous isotope-climate relationships fail to explain isotopic data obtained from palaeoclimate records in the tropics Pausata, Battisti, Nisancioglu, & Bitz, 2011; Ramirez et al., 2003) . Our poor understanding of spatial and temporal variation in the stable isotopes of precipitation in tropical regions also accounts for the discrepancy between the actual observation of stable isotopes of tropical precipitation and simulation results (Lee, Fung, DePaolo, & Henning, 2007; Risi, Bony, Vimeux, & Jouzel, 2010) . Good knowledge of the physical processes that control and drive the variation in stable isotopic composition of tropical precipitation is, therefore, necessary and critical to interpret precipitation isotopes and palaeoclimate records in tropical regions, to understand global climate change, and to improve climate prediction models. Studies on the stable isotopes of monthly and yearly precipitation in the tropics do not achieve adequate resolution to be informative, and thus, precipitation stable isotopic data of higher temporal resolution is required (Barras & Simmonds, 2009; Celle-Jeanton, Gonfiantini, Travi, & Sol, 2004; Crawford, Hughes, & Parkes, 2013; Fudeyasu et al., 2008; Muller, Baker, Fairchild, Kidd, & Boomer, 2014; Munksgaard, Wurster, Bass, & Bird, 2012) .
Recent studies on daily precipitation suggest that regional con- O values in rainfall are closely related to the regional mesoscale convection systems (Gao, Masson-Delmotte, Risi, He, & Yao, 2013; Kurita, 2013; Lekshmy, Midhun, Ramesh, & Jani, 2014; Moerman et al., 2013; Vimeux, Tremoy, Risi, & Gallaire, 2011; Zwart, Munksgaard, Kurita, & Bird, 2016) . Several studies have shown that isotopic measurements of precipitation with high temporal resolution (at an event or intraevent level) can provide insights into the evolution of precipitation isotopes during rain events, and reveal the relationship between precipitation isotopes, regional processes, and microphysics (Crawford et al., 2013; Guan, Zhang, Skrzypek, Sun, & Xu, 2013; Muller et al., 2014; Munksgaard et al., 2012; Narayana Rao et al., 2008; Risi et al., 2008) . For example, Muller et al. (2014) found that intraevent variability of precipitation isotopes during 16 single events at a midlatitude site could be linked to local, microphysical, mesoscale, regional, and synoptic processes. Air masses, rain intensity, rain production altitude, precipitation types (convective vs. stratiform), large-scale dynamics, and processes within and below the clouds all contribute to the isotopic variability of precipitation from these events. The continuous real-time analysis of several events at a coastal tropical site in northern Australia revealed extreme and rapid changes in isotope values (Munksgaard et al., 2012) . Munksgaard et al. (2012) attributed this change to variations in moisture source areas, transport paths, and precipitation histories. Lawrence and Gedzelman (1996) suggested that stable isotope of precipitation during a tropical cyclone could be used as dynamic tracers of a cyclone's water and energy budgets. Therefore, a clear understanding of short-term isotopic variability is fundamental in interpreting precipitation isotopes in tropical regions. In addition, better knowledge of physical processes during convection is required to improve climate models to help us to understand large scale atmospheric process and the mesoscale convection systems (Storer, Zhang, & Song, 2015; Van Weverberg et al., 2012; Yoshimura, Kanamitsu, & Dettinger, 2010 [2015] [2016] in recorded history, and therefore, we specifically discussed its impact on the stable isotopic variability of rain events. In addition, we investigated the time series of d-excess variation during the study period and examined the variation in moisture sources of precipitation. For this study, the focus was not on the detailed evolution of precipitation δ 18 O values during single events, which is associated with the microphysical processes in clouds (He, Goodkin, Kurita, Wang, & Rubin, 2018 Figure S1 ), and the region is affected by one of its more distinctive weather systems, the NE cold surge, which often brings several consecutive days of continuous and widespread rain in Singapore. The high-pressure system over Siberia causes cold surges during the NE monsoon. During the SW monsoon, both south-easterly and southwesterly winds are prevalent in the region. The SW monsoon produces a marginally dryer climate, which is characterized by earlymorning storms, normally organized into long lines extending for hundreds of kilometres, known as Sumatra Squalls.
The historic rainfall data suggest a change in the rainfall regime in Singapore in the last several decades (Beck et al., 2015) . In addition to hourly and daily extremes, rainfall totals have increased since 1981. Figure S2b and S2d), suggesting that the ENSO events have minimal influence on Singapore's rainfall during NE monsoon seasons.
| Continuous isotope analysis of rainwater
The continuous rain analysis system used in this study follows the setup designed by Munksgaard et al. (2011; Figure 2 High-resolution data also presents a data processing challenge. A 24-hr file from the DS-CRDS, for example, contains 86,400 data points, and thus, it is extremely difficult and impractical to use standard data processing programs such as Microsoft Excel. We developed python- Note. These standards were calibrated against the international reference materials VSMOW-2 and SLAP-2.
based software to handle these large data files. With this software, we are able to perform quick and precise memory and drift correction, evaluation, and calibration and export the final data to Microsoft Excel with figures. A free copy of this software is available upon request.
| Climate datasets
Outgoing longwave radiation (OLR) between 1979 and 2017 used in this study for re-analysis is from the National Oceanic and Atmospheric Administration (NOAA) products (https://www.ncdc.noaa.
gov/cdr/atmospheric) with a horizontal resolution of 1°× 1°. OLR is regularly used as a proxy of deep tropical convection, and there is a negative correlation between OLR and convection intensity (Gao et al., 2013; Lekshmy et al., 2014; Vimeux et al., 2011 region and is a principal measure to monitor, assess, and predict ENSO. El Niño is characterized by a positive ONI greater than or equal to +0.5°C, and La Niña is characterized by a negative ONI less than or equal to −0.5°C. Events with five consecutive overlapping 3-month periods at or above the +0.5°C anomaly are defined as El Niño (warm) events, and those with five consecutive overlapping 3-month periods at or below the −0.5°C anomaly events as La Niña (cold) events.
Air temperature, RH and rainfall amount of events were also monitored using a HOBO Data Logging Rain Gauge (www.onsetcomp. com). The gauge was installed in an open space on the roof of the ASE building. It is a battery-powered rainfall data collection and recording system and was set to collect data at 1-min intervals. Resolution of the rain gauge for the rainfall amount is 0.2 mm.
| Back trajectory modelling
The air mass back trajectories were calculated using the Hybrid SingleParticle Lagrangian Integrated Trajectory model (Stein et al., 2015) .
Trajectories were initiated every 6 hr daily at 850 hPa level and moved back for 96 hr. We used the tools provided in the Hybrid Single-Parti- analysed, except for a few events (about 10 events each year on an average) due to the failure of the analytical system. Here, we only report initial, lowest, and average isotope values to represent the general evolution of precipitation isotopes during individual events rather than focusing on detailed evolution of precipitation isotopes and cloud microphysical processes during events as described in detail in He et al. (2018) . Initial δ-values of events, the first isotope data of the events, largely mirror the initial air mass or vapour from which the precipitation originated (Lee & Fung, 2008; Risi, Bony, Vimeux, Chong, & Descroix, 2010) . The difference (Δδ) between the lowest value and the highest value, which is mostly equal to the initial value, represents the amplitude of change or the absolute change in δ-value during an event at the sampling site, which reflects the intensity of convective activities. For example, a Δδ of more than 20‰ was observed in the precipitation during 2012 Superstorm Sandy in the United States (Good, Mallia, Lin, & Bowen, 2014 (Table S1 ).
In O of rain events in our study even though our study area is close to Borneo. Likely, MJO influence on precipitation δ-value is not geographically constant in tropical regions.
| Intraevent variability
Δδ, the absolute variation in δ-value during an event, also varies considerably, ranging from 1‰ to 8‰ (Figure 3d and Table S1 ). However, The shaded areas span over intermonsoon periods precipitation reported in the previous studies in tropical regions (e.g., Kurita et al., 2009; Marryanna et al., 2017; Moerman et al., 2013) .
84% of events have
O also is also weakly correlated with rain duration (r = −0.26, p < 0.001, n = 374; Figure S7b ).
| Temperature and RH
Both temperature and RH recorded simultaneously to rain events at our sampling site exhibit variation through time with temperature ranging from below 24 to nearly 32°C and RH from 65% to 100% ( Figure S8) . Figure S7d ). RH has a minor influence on δ
18
O of rain events because dry conditions favour rainwater evaporation in general.
| Air masses back trajectory analysis
Back trajectory calculations reveal that precipitation in Singapore has several sources, including the South China Sea (SCS), the Indian Ocean, the Java Sea, and the Malacca Strait. Cluster analysis groups air mass trajectories into four major clusters or groups ( Figure 6 ).
The relative portions and directions of these four groups vary through time, suggesting the variation in moisture sources of precipitation.
During the SW monsoon, there are two major sources, the Indian Ocean and the Java Sea (Figure 6b) , whereas during the NE monsoon, moisture mainly originates in the SCS with minor contributions from the Indian Ocean and the Malacca Strait (Figure 6d ). The SCS could become a dominant moisture source during NE monsoon. There is no dominant moisture source during intermonsoon time, and the contributions come from all these source regions (Figure 6a and 6d) . O value in their study areas (Gao et al., 2013; Moerman et al., 2013; Risi et al., 2008; Vimeux et al., 2011; Zwart et al., 2016) . Risi et al. (2008) found the correlation between precipitation δ 18 O and OLR averaged over the 9 previous days is maximal during the African monsoon at North and East of Niamey. The study by Vimeux et al. (2011) suggests that convective activities averaged over the 7-8 days prior to events are an important factor controlling the stable isotopes of precipitation during the rainy seasons in the Bolivian Andes. Gao et al. (2013) also noticed that the days of integrated convective activities vary from 3 to 19 days with seasons and locations on the Tibetan Plateau. In Singapore, the correlation is maximal at 2 to 3 days preceding each event (Figure 7) . Such short integration days in our study area relates to more frequent and intensive convective activities, implying the short residence time of moisture in the atmosphere in equatorial regions. In equatorial regions such as Singapore, precipitation frequency is generally high. During a normal year in Singapore, for example, in 2014, it rained almost every 2 days in the study area with more than 170 rainy days. Under such high-frequency conditions, convective activity is also frequent, and thus, the time for the convective activity prior to each event is short.
The memory of the convective activity in the upwind region prior to each rain event can be quickly erased by on-site convective activity and its associated precipitation.
| Seasonal variability
The 2-month running mean analysis clearly reveals two excursions of to January each year when the ITCZ is near Singapore (Figures 3 and   8 ). In August, the ITCZ lies at its northernmost positions, and the Indochina experiences a wet season, but the area far to the south of the equator, that is, southern Indonesia and northern Australia, experiences a dry season. In contrast, the ITCZ will move to its southernmost position in February, and the wet and dry seasons will switch in these two extreme regions. During these two time periods (around February and August), the ITCZ also lies the farthest from Singapore, and thus, the study area receives less rain, especially in February, although there are no distinct wet and dry seasons observed. Normally, the highest δ-value is observed in rain events during the time around February and August due to relatively weak convective activities in the study area during these two time periods. 
| ENSO impact and interannual variability
The 2015 ing the convection in these regions (Chakraborty & Krishnamurti, 2003; Kane, 1997; Li & Ting, 2015) . The shift of convection to the central and eastern tropical Pacific weakens monsoon activities in SE Asia and brings frequent droughts to the maritime continents, as observed in many previous studies (e.g., Chakraborty & Krishnamurti, 2003; Cook et al., 2010; Dilley & Heyman, 1995) . Therefore, there exists a strong inverse relationship observed between ENSO and the rainfall in the Asian monsoon region (Li & Ting, 2015) . RH data recorded by our rain gauge also shows dry condition during 2015,
the El Niño year ( Figure S8 ).
The average OLR values in SE Asia in Figure 10 
